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Abstract 
The most important technical challenge now facing geologic carbon storage (GCS) involves rates of storage, not 
volumes. The factors governing well injectivity combine to make achieving material storage rates (of order 0.1 Gt 
CO2/y in a basin or region) difficult. One such factor is the correlation between injectivity and storage volume of 
structural traps, which restricts access to much space that is desirable for secure storage for centuries. This limitation 
is exacerbated by the reduction in fracture pressure when injected CO2 is cooler than the storage formation. Changing 
the storage paradigm, so that brine is extracted from the storage formation as CO2 is injected, is the only robust 
option for materiality. A solution to the resulting brine disposal problem is to dissolve CO2 into the brine, then 
reinject it into the storage formation. This and other alternatives to injection-only storage must be examined if GCS is 
to play a substantive role in mitigating CO2 emissions over the course of decades. 
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1. Motivation 
Global CO2 emissions have trebled in the last 50 y and now exceed 34 gigatonnes (Gt) CO2/y. A 
material effort to mitigate this perturbation to the planet’s carbon cycle must meet two criteria: a large 
mass of CO2 (hundreds of Gt) must be kept from entering the atmosphere, and this avoidance must be 
accomplished rapidly (time scale of decades). Most scenarios for mitigation rely on a substantial 
contribution from geologic carbon storage (GCS). The consensus of numerous independent investigations 
is that sufficient pore space exists to store many thousands of Gt of CO2, and GCS can therefore help 
meet the first criterion for materiality. Whether that space can be accessed fast enough to meet the second 
criterion is now drawing more attention. To be material, GCS must occur at rates of 1 to 10 Gt CO2/y for 
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several decades. Other technologies must make similar contributions, and most forecasts anticipate that 
ever increasing rates of avoidance will be needed throughout the 21st century.   
Storage rates of Gt/y are prodigious, but experience with fluids (oil, brine) of densities comparable to 
CO2 (at storage conditions) indicates they are feasible. For example groundwater can be pumped from 
large, extremely permeable aquifers such as the Edwards (Texas, USA; areal extent ca. 104 km2) and the 
Ogallala (USA; ca. 5×105 km2) at rates of 0.5 to >20 Gt water/y. Global oil production has been between 
1 and 4 Gt/y for the last 50 y, and accompanying brine production is around ten times greater. Injection of 
fluids at these rates into deeper formations suitable for GCS has only occurred in the oil and gas industry. 
Most of the brine co-produced with oil is reinjected into producing formations, leading to several Gt 
brine/y being injected by the oil industry in the US. Finally, CO2 is currently being injected into Permian 
Basin (USA) oil reservoirs at an overall rate approaching 0.1 Gt/y. 
These observations suggest that materiality of GCS is conceivable, in that it is possible to accumulate 
enough permeable thickness to achieve Gt/y rates. To judge feasibility of GCS, however, the operating 
conditions for these examples must be considered. Injection of brine or CO2 into oil reservoirs generally 
does not increase the reservoir pressure above the original value, because the reservoir volume of fluids 
being simultaneously extracted is typically at least as large as the reservoir volume being injected. In 
contrast, injection without extraction necessarily increases the reservoir pressure. This raises a set of 
potential problems for GCS, including induced seismicity, contamination of shallow formations by 
upwelling brine, and reduced injectivity. The latter is relevant to materiality, but our focus on it does not 
diminish the importance of the other problems. Indeed, some strategies to improve injectivity also 
mitigate the other problems.  
Here we review several factors that control rate of storage in structures suitable for trapping of buoyant 
CO2. The structures include anticlines beneath an extensive caprock, layers downdip of a sealing fault, 
stratigraphic traps, etc. Similar structures are known to hold large volumes of a buoyant hydrocarbon 
phase over geologic time. Many currently brine-filled structures can thus be expected to hold large 
saturations of CO2 securely and are attractive targets for GCS. For these structures, the distribution of 
injectivity and storage volume, the effect of sweep efficiency and the role of thermoelastic stress have 
particular influence on achievable rates. The influence of these factors is explored in some detail using in 
a database of 1200 geologic structures and a simple model of supercritical CO2 injection and brine 
displacement. The storage rates aggregated over these structures are reported for several limiting cases. 
We then examine strategies for increasing the overall storage rate.   
2. Physical Constraints on Storage Rates 
Injectivity into a well in a permeable formation can be represented as the constant of proportionality 
Iinj between volumetric flow rate q (at reservoir conditions) and a driving force. The latter is conveniently 
approximated as the difference between bottomhole pressure Pbh and average reservoir pressure : 
  (1) 
For single phase flow, injectivity is given by  
  (2) 
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for reservoir permeability k, thickness h, viscosity P., distance from wellbore to reservoir boundary re and 
wellbore radius rw. For multiphase flow, Iinj convolves phase mobilities in a time-varying manner. As 
discussed below kh varies widely, while the findings of [1] indicate that the variation of relative 
permeability is small in comparison. Thus the analysis in this paper treats kh as a proxy for injectivity. 
2.1. Effect of reservoir pressure 
During injection of CO2 the pressure in the storage formation will vary depending on the boundary 
conditions of the formation. Figure 1 shows the three possibilities schematically, assuming injection wells 
are operating at fixed Pbh. 
Figure 1.  Variation in (left) average reservoir pressure and (right) injection rate during injection into a storage formation depends 
on the boundary condition for the formation: closed, infinite-acting (open but providing finite resistance to brine displacement from 
reservoir) and constant pressure (open with no resistance to brine displacement). Injection wells are assumed to operate at the likely 
practical constraint of constant Pbh.  
 
A closed boundary causes reservoir pressure to increase rapidly because the volume of injected fluid can 
be accommodated only by compressibility of the formation and its resident brine. The corresponding 
injection rate drops rapidly to zero per Eq. (1). At the other extreme, a constant pressure boundary causes 
only a small increase in average reservoir pressure, the result of the pressure gradient near injection wells. 
The injection rate is essentially constant† at the value for a fixed bottomhole pressure Pbh. The infinite-
acting boundary is an intermediate case, in which native brine is displaced from the storage formation 
against non-negligible resistance in the rock external to the structure [4, 5]. Thus the average reservoir 
pressure increases and the injection rate declines, though not as fast as in the closed formation.     
2.2. Effect of reservoir and fluid properties  
For the range of temperatures and pressures of typical GCS target formations, the viscosities of brine 
and of CO2 vary by about a factor of three. The density of CO2 also varies modestly across typical GCS 
reservoir conditions. This slightly complicates the analysis since injectivity is defined in terms of 
volumetric rate, while CO2 storage is expressed in terms of mass rate. The effect of fluid properties is 
relatively minor and is ignored when tabulating the statistics of injectivity below. However both 
 
† In practice the rate can increase or decrease modestly, depending on the effective mobility of the CO2 and brine in 
the two-phase region [2, 3]. The variation is small compared to the effect of boundary conditions. 
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properties are included in the subsequent computations of achievable rates, and the reported storage 
masses account for CO2 density at storage conditions. 
2.3. Effect of injection pressure  
According to Eq. (1) an operator can in principle compensate for small permeability-thickness or 
increasing reservoir pressure by increasing the injection well pressure. This option is limited in practice 
by the requirement to inject below the fracture initiation pressure, given by  
  (3) 
in a formation with isotropic stress Sh in the horizontal direction, vertical stress Sv, pore pressure Pp, 
tensile strength Ts and thermoelastic stress . The thermoelastic stress arises when the injected fluid is 
cooler than the reservoir by an amount :  
  (4) 
where  is coefficient of thermoelasticity, E is Young’s modulus and Q is Poisson’s ratio. Equation (3) 
imposes an upper bound on injection pressure, , and hence an upper bound on injection rate. 
The thermoelastic stress can be a significant contribution to Eq. (3), making this a serious constraint [10].  
3.   Analysis of Storage Rate Constraints in a Large Set of Structures 
The TORIS database contains detailed characteristics of over 1200 oil reservoirs, including original oil 
in place, areal extent, porosity, average reservoir permeability and thickness [6]. We take these structures 
to be representative of similar but brine-filled formations. Because of their ability to contain buoyant fluid 
at large saturations, these structures would be especially attractive for GCS if regulations favored ‘no-
migration’ strategies for storing large volumes of bulk phase CO2. To simplify the analysis, we assume all 
the reservoirs were filled to a spill point. In this limiting case, the reservoir volume of CO2 that could be 
stored is the same as the original oil in place. The alternative limiting case (i.e. structures were filled until 
a capillary seal was breached) leads to similar conclusions and so is not treated here. The possibility that 
the reservoirs were incompletely charged would not lead to substantially different conclusions.  
3.1. Correlation of injectivity and storage volume 
The permeability-thickness kh is distributed lognormally for these reservoirs, spanning five orders of 
magnitude with a log mean of 4400 mD-ft. The storage volume is also lognormally distributed, spanning 
three orders of magnitude with a log mean of 10 Mt CO2. If the reservoirs are sorted in order of 
decreasing kh, the plot of cumulative injectivity vs cumulative storage volume shows remarkable 
correlation, Fig. 2 [7]. Reservoirs and brine-filled structures in the North Sea [8] exhibit an almost 
identical correlation (Fig. 2 inset). If brine-filled structures that are targets for GCS exhibit comparable 
correlation, the implications for materiality are profound: most of the volume available for storage will 
take a disproportionately long time to be filled.   
3.2. Effect of correlation on time to fill structures with CO2 
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The correlation of injectivity and storage volume leads to the concept of time-weighted storage 
capacity [7]. An estimate of “fill time” can be obtained by idealizing each structure as indicated in Figure 
3. If all structures can be filled down to a spill point, then the time required for the two-phase flow front 
to reach the spill point is a good measure of fill time. Assuming all the structures have an infinite-acting 
boundary at the spill point, that a line of CO2 injectors in the center of the structure can achieve perfect 
areal and vertical sweep efficiency and that Pbh is constrained, then more than 60% of the structures 
require at least 100 y to be filled [7, 9].  
 
Figure 2.  When 1240 reservoirs from the TORIS database are sorted in order of decreasing injectivity (with kh serving as proxy for 
injectivity), the reservoirs with largest injectivity tend to have the least storage volume (solid black curve) [7]. For example, the top 
50% of structures in terms of injectivity comprise only 10% of the total storage volume (orange dashed line). Black dashed line 
shows behaviour if no correlation exists. The time to fill structures with large pore volume will be disproportionately longer than the 
time required to fill small structures. Inset: reservoirs and aquifers in the North Sea show essentially identical correlation [8].  
 
Accounting for the permeability heterogeneity typical of oil reservoirs leads to fill times an order of 
magnitude shorter than those in Fig. 3 [9]. The latter calculation assumes that the storage scheme relies on 
structural trapping, so that injection halts when CO2 first reaches the spill point. In this case the term “fill 
time” should be replaced by “termination time,” because only a portion of the structure’s capacity has 
been filled.  
 
The implications of injectivity/storage volume correlation for overall storage rate are illustrated in 
Figure 4. Suppose that 1200 brine-filled structures that are otherwise identical to those in the TORIS 
database are available for GCS, and that structures are used in order of increasing fill times. The curves in 
Fig. 4 are the result of requiring the aggregate injection rate in all active structures to equal the target 
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storage rate. New structures are used as previously developed structures are filled and as injection rates 
decline in still active structures [9]. The number of structures filled plus the number being used increases 
steadily when the target storage rate is 0.1 Gt/y (blue curve, Fig. 4). After 52 y, all 1200 structures have 
been filled or are being used, and the aggregate injection rate has fallen below 0.1 Gt/y. Unused pore 
volume remains – the filled structures would hold 35 Gt, and only 5.2 Gt has been injected – but 
additional structures beyond the original 1200 would be needed in order to maintain the target storage 
rate. Consequently material rates of storage in this set of structures leads to inefficient use of pore space: 
a much larger number of structures with large volume is needed to store CO2 at the same rate as a smaller 
number of small structures. The inefficiency is exacerbated by increasing the target storage rate for the 
same set of structures: tripling the required storage rate to 0.3 Gt/y increases the rate of structure 
consumption almost six times, and this rate of storage can be sustained for only nine years (green curve, 
Fig. 4). The effect of imperfect sweep efficiency is to consume the structures even faster. For example, if 
the average sweep efficiency was 20%, the termination times would be one fifth of the fill times in Fig. 3. 
Thus a rate of 0.1 Gt/y could be sustained only 10 y. 
Figure 3. (Left) Scheme for computing time to fill a structural trap to its spill point. (Right) Distribution of fill times for some 1200 
reservoirs assuming perfect sweep efficiency and infinite-acting boundary at the spill point. The dotted line indicates extrapolation. 
 
Figure 4. Rate of consumption of 1200 structures at three overall storage rates assuming perfect sweep efficiency and enough 
injection wells in each structure to impose linear flow. Each curve ends when the overall rate can no longer be maintained with 
available, not yet filled structures. Structures are assumed to be developed in order of increasing fill time. The 1200 structures can 
hold a total of 35 Gt CO2. 
3.3. Effect of thermoelasticity on time to fill structures with CO2 
Large-scale sequestration is likely to be implemented with pipelines connecting sources to reservoirs. 
At material rates (hundreds of tons per day per well) the CO2 will enter the storage formation at a 
temperature significantly below reservoir temperature. In this case the net effect of Eqs. (1), (3) and (4) is 
to reduce the allowable injection rate, often by more than an order of magnitude [10]. This increases the 
fill time proportionately, and decreases the overall storage rate. 
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Figure 5 illustrates the combined effect of imperfect sweep efficiency (taken for illustration to be 20%) 
and the thermoelastic constraint (taken to be a 4-fold reduction of injection rate) on structure usage. 
Compared to the ideal case of perfect sweep and no thermoelastic constraint, only one fifth of the 
structures’ volume gets filled (effect of sweep), and filling happens four times slower in each structure 
(effect of thermoelasticity). Thus in 40 y, only 1 Gt would have been stored in the 35 Gt nominal storage 
capacity of the 1200 structures (“realistic” curve in Fig. 5), yet more structures would be needed sustain 
the overall storage rate. Scaling the “realistic” curve to 1 Gt/y suggests ~50,000 structures would be 
needed, and the rate could be sustained only 40 y despite 97% of the storage capacity remaining unfilled. 
While this number of structures could be identified at a continental scale, pressure interference between 
projects is likely.  
Figure 5. Consumption of 1200 structures over time for ideal case (red curve: line drive, perfect sweep efficiency, no thermoelastic 
effect) at 0.1 Gt/y overall storage rate and realistic case (blue curve: line drive, 20% sweep efficiency, thermoelastic effect reduces 
injection rate to 0.025 Gt/y). Eliminating the thermoelastic effect by warming the CO2 at the wellhead enables 0.1 Gt/y storage rate 
(black curve) but as a consequence also consumes structures four times faster than the realistic case.  
4. Options for Increasing Storage Rates 
If structures to be used for GCS exhibit the correlation illustrated in Fig. 2, then the brute force 
approach to materiality simply scales the structure consumption curves like those of Fig. 5, increasing the 
population of structures until the target rate is reached. This approach does nothing to address the 
inefficient use of pore space in large numbers of structures. Exclusively developing structures with large 
injectivity would enable material rates with a relatively small number of operating structures at any given 
time, but project turnover would be rapid as the smaller structures are filled rapidly, and estimates of 
storage capacity would have to be re-evaluated to eliminate structures below an injectivity cutoff.  
Other strategies to increase injection rates must focus on the driving force in Eq. 1. The options are to 
decrease average reservoir pressure and increase injection pressure. The nature of the wells (e.g. 
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horizontal vs vertical, stimulated or not) is secondary, as the analysis already assumes optimal flow 
pattern in the reservoir (linear flow from injectors to the structure boundary.)  
4.1. Increasing storage rates in infinite-acting structures 
In the analysis of Section 3 the average reservoir pressure increases steadily during injection. In the 
limiting case of constant-pressure structure boundaries, the average reservoir pressure is constant. 
Repeating the analysis of section 3 for this limiting case, the structure consumption rate is reduced by a 
factor of two [7, 9]. Thus material storage rates could be maintained twice as long for a given set of 
structures. The fraction of structures that have constant pressure boundaries is small, however, and the 
storage capacity would be smaller than current estimates.   
The limit on injection pressure due to thermoelasticity can be largely overcome by warming the CO2 at 
the wellhead, or by preferentially developing deeper structures [10]. This would allow storage rates 
approaching the ideal curve in Fig. 5, but the rate of structure consumption would be larger than the ideal 
curve by a factor inversely proportional to the average sweep efficiency (black curve, Fig. 5). Poor sweep 
efficiency is unavoidable when high-mobility CO2 displaces low-mobility brine. Sweep efficiency 
increases if CO2 phase mobility is reduced, but this also reduces injectivity proportionately and thus is not 
helpful for increasing storage rates.   
Achieving material rates of storage for a sustained period of time by injecting CO2 into structures thus 
demands inefficient use of a very large number of structures. This may be feasible if pressure interference 
between structures can be avoided and if operators construct enough injection wells in each structure to 
give linear (rather than radial) flow patterns. 
4.2. Increasing storage rates by extracting fluid 
The implicit assumption to this point is that brine is displaced but not extracted from the storage 
formation. It is instructive to consider an alternative paradigm for storage, in which each project is run in 
the same manner as an improved oil recovery process. In the latter, fluids are injected through dedicated 
wells while oil (and other fluids) are extracted from other wells. With respect to injectivity, the key 
advantage to this approach is that the operator can manage the reservoir pressure. In effect the advantage 
of a constant pressure boundary (sec. 4.1) can be maximized. This approach confers several other 
advantages, including greatly reducing the risk of induced seismicity and controlling plume migration.  
Suppose that lines of extraction wells are placed at the boundaries of the structure in Fig. 3. If these 
wells are operated at constant pressure equal to hydrostatic, then the result is the same as the limiting case 
of constant pressure boundaries treated earlier (a two-fold increase in overall storage rate). If the wells are 
operated at a pressure below hydrostatic by the same increment that the injection well pressure exceeds 
hydrostatic, then the driving force for flow doubles. This yields a four-fold increase in storage rate 
relative to injection only with infinite-acting boundaries. This increase applies also when thermoelastic 
stress is important, and thus can be regarded as a way to counteract the thermoelastic constraint without 
warming the injected CO2. 
The separation between the line of injectors and the line of extractors at the structure boundary is L/2, 
where L is the characteristic lateral structure dimension. Distributing multiple lines of injectors and 
extractors at a spacing Lpair increases the driving force for flow by a factor of (L/2)/Lpair. Taking as an 
example Lpair  = 400 m, this factor ranges from 1 to 10 for most structures in the TORIS database. This 
factor combined with the four-fold increase of the preceding paragraph makes it possible to achieve 
material rates (0.1 to 1 Gt/y) even for the “realistic” condition of Fig. 5 without increasing the number of 
structures in the set. This strategy would be of greatest benefit in the large structures with small 
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injectivity, where well construction and brine extraction can more than compensate for the limitations of 
small kh. In effect, the spacing could be tailored to give the fill time desired for any structure. The 
inherent obstacle to material rates can thus be overcome with sufficient well construction.  
 The disadvantages of the injection/extraction strategy are its vulnerability to poor sweep efficiency 
(which similarly plagues improved oil recovery) and the need to dispose of the extracted brine. Poor 
sweep efficiency leads to CO2 arriving prematurely at extraction wells, where it must be separated and 
reinjected. This reduces the net rate of storage in a structure, so the rate of consumption of structures 
increases. Because brine extraction rate is the same volumetrically as the CO2 injection rate, the brine 
disposal problem has comparable need of cumulative injectivity, though the disposal need not happen in 
structures. Essentially, the injection/extraction strategy makes material CO2 storage rates feasible, at the 
price of much more well construction and a separate large-scale operation devoted to brine disposal at 
similar volumetric rates.  
The surface dissolution strategy [11] addresses the aforementioned disadvantages of brine extraction. 
The extracted brine is reinjected into the storage formation after CO2 is dissolved into it. Thus only one 
disposal operation is needed rather than two, although the required volumetric rates are an order of 
magnitude larger. Because the flow is single phase, the sweep efficiency is much larger and is limited 
only by permeability heterogeneity. Optimization of injection/extraction rates [12] can significantly 
counteract heterogeneity. 
Except to note the obvious (injection/extraction storage strategies cost more), economics has been 
ignored in this discussion. While more analysis is certainly required, the dilemma likely to confront 
stakeholders will be between an expensive approach (injection-only) that may not be material, and an 
even more expensive approach (injection/extraction) that will be material.   
5. Conclusions 
Geologic structures suitable for storing large volumes of buoyant fluid exhibit injectivities that are 
correlated with their storage volume. This introduces a tradeoff between overall rate of storage and 
efficiency of pore space utilization in a set of structures. Injecting CO2 at material rates (~0.1 Gt CO2/y) 
would consume all of a set of ~5000 representative structures in ~40 y with an overall storage efficiency 
below 5%, measured at the moment when the cumulative injection rate into the active structures can no 
longer be maintained at the target overall storage rate. Injecting at larger overall rates into the same set of 
structures not only consumes the structures faster but also reduces the storage efficiency. This tradeoff 
raises doubts about whether GCS in structures can make a material contribution to reducing CO2 
emissions. This problem can be circumvented with brine extraction wells, which enable material rates of 
injection to be achieved with ~10 times fewer structures and much greater use of storage capacity. The 
disadvantages of coupled CO2 injection/brine extraction are not trivial but can be addressed by the surface 
dissolution strategy.  
Despite numerous idealizations in the present analysis, it is clear that the relative merits of injection-
only and injection/extraction storage schemes should be examined further if GCS is to be relevant within 
the narrow window of opportunity -- a few decades -- for stabilizing climate change.  
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